INTRODUCTION
During oogenesis, maternal mRNA and proteins are accumulated in oocytes. Embryogenesis commences with fertilization of the oocyte and then some time during embryo development, maternally inherited mRNAs are degraded and the embryonic genome is activated (Schultz, 2002) . Following embryonic genome activation (EGA), transcription of embryonic mRNA is initiated. Disruption of these critical events by specific chemicals or environmental factors results in irreversible arrest of embryonic development (Latham, 1999) . EGA has been shown to be a species-specific phenomenon. For instance, EGA occurs at the 2-cell stage in mouse (Schultz, 1993) and 4-to 8-cell stages in human, ovine and bovine species (Telford et al., 1990) . Previous studies have shown that EGA temporally occurs at the 4-cell stage in porcine embryos (Jarrel et al., 1991) . While the molecular mechanism of EGA is not disclosed well, it is expected that a number of genes are activated and reprogrammed at this stage (Magnani and Cabot, 2009) .
RNA polymerase II (RNA Pol II) is responsible for the synthesis of mRNAs and most small nuclear RNAs. RNA Pol II is composed of 12 subunits, of which the largest is characterized by containing a unique C-terminal domain (CTD) that distinguishes the enzyme from other RNA polymerases (Egloff and Murphy, 2008) . RNA Pol II functions are highly regulated by modification of the CTD, in particular, phosphorylation of serine residues. Indeed, mRNA synthesis by RNA Pol II requires phosphorylation of CTD at serine 5 (Ser5P) and serine 2 (Ser2P) by the specific kinases, TFIIH and P-TEFb, respectively (Palancade and Bensaude, 2003) .
One of the most potent and specific RNA Pol II inhibitors is -amanitin, an antibiotic obtained from the death cap mushroom, Amanita phalloides. This compound affects RNA polymerases in a dose-dependent manner. RNA Pol II is irreversibly inhibited by 10-100 g/ml of -amanitin. However, at this concentration, RNA Pol I and Pol III are not affected. For inhibition of RNA Pol III, 2-to 4-fold higher concentrations of -amanitin are required, ABSTRACT: Fertilization of the oocyte commences embryogenesis during which maternally inherited mRNAs are degraded and the embryonic genome is activated. Transcription of embryonic mRNA is initiated by embryonic genome activation (EGA). RNA polymerase II (RNA Pol II) is responsible for the synthesis of mRNAs and most small nuclear RNAs, and consists of 12 subunits, the largest of which characteristically harbors a unique C-terminal domain (CTD). Transcriptional activity of RNA Pol II is highly regulated, in particular, by phosphorylation of serine residues in the CTD. Here, we have shown the presence of RNA Pol II CTD phosphoisoforms in porcine oocytes and preimplantation embryos. The distribution pattern as well as phosphorylation dynamics in germinal vesicles and during embryogenesis differed in developmental stages with these isoforms, indicating a role of RNA Pol II CTD phosphorylation at the serine residue in transcriptional activation during both oocyte growth and embryonic genome activation. We additionally examined the effects of the RNA Pol II inhibitor, -amanitin, on embryo development. Our results show that inhibition of polymerase, even at very early stages and for a short period of time, dramatically impaired blastocyst formation. These findings collectively suggest that the functionality of maternal RNA Pol II, and consequently, expression of early genes regulated by this enzyme are essential for proper embryo development. (Key Words: RNA Polymerase II, Porcine, Oocyte, Embryos, -Amanitin) * Corresponding Author: Dong-Il Jin. Tel: +82-42-821-5876, Fax: +82-42-822-6712, E-mail: dijin@cnu.ac.kr Submitted Oct. 31, 2011; Accepted Jan. 18, 2012; Revised Jan. 30, 2012 while RNA Pol I is inhibited only in the presence of 1,000-fold increased concentration of the drug.
-Amanitin has been extensively used for investigating the sensitivity of living systems to RNA Pol II inhibition. Embryos are reported to be the most sensitive to -amanitin at the time of EGA occurrence. Treatment with this compound inhibits embryonic development beyond the EGA stage (Schultz, 2002; Minami et al., 2007) .
The current study was designed to evaluate RNA Pol II expression pattern and function in porcine oocytes and embryos. We further examined the effects of -amanitin treatment just after fertilization on porcine embryo development in vitro.
MATERIALS AND METHODS

Oocyte collection and in vitro maturation
Porcine ovaries were collected at a local slaughterhouse. Antral follicles were aspirated manually. Cumulus-oocyte complexes (COCs) were aspirated from 3-6 mm follicles and resuspended in TL-HEPES containing 0.01% polyvinyl alcohol (PVA). COCs were placed for 22 h in 500 ml of TCM-199 containing epidermal growth factor, L-cysteine, follicle stimulating hormone (FSH), luteinizing hormone (LH) and follicular fluid at 38.5C. Maturation was followed by 22 h culture in similar conditions without FSH and LH. COCs were denuded by repeated pipetting in TL-HEPES containing 0.3% hyaluronidase in 38.5C and prepared for in vitro fertilization or immunostaining.
In vitro fertilization, embryo culture and drug treatment
After in vitro maturation and denuding, only oocytes with the first polar body extruded were collected. Oocytes were washed 2 times with mTBM containing 0.1% BSA as IVF medium and kept in 100 l drops of mTBA/BSA under pre-warmed mineral oil until insemination. Motile sperm from fresh semen were washed two times via centrifugation at 1,200 rpm for 3 min in mTBM and incubated for 5 min at 38.5C for swim-up. Sperm were collected from the surface and added to oocyte-containing IVF droplets. Twenty-five to 30 oocytes were inseminated in each drop. Insemination lasted for 4 h. Oocytes were removed from fertilization drops, washed three times, and cultured in PZM3 medium. -amanitin (A2263) was purchased from Sigma and dissolved in sterile double-distilled water to form 1 mg/ml stock solution. To determine the effects of -amanitin on pig embryo development, oocytes (during insemination) or embryos (after fertilization) were cultured without or with increasing concentrations of the drug as indicated in the text. The required drug concentrations were prepared from stock solution diluted in mTBM or PZM3. Groups of 25 to 30 embryos were placed in warmed 500 l of culture medium, covered with mineral oil (Sigma), and cultured under 5% (v/v) CO2 at 38.5C.
Immunocytochemistry and confocal microscopy
Oocytes were fixed in PBS-PVA containing 4% paraformaldehyde and 0.2% Triton X-100 for 40 min. Fixed oocytes were washed twice in PBS-PVA for 15 min each and stored overnight in 1% BSA-supplemented PBS-PVA (BSA-PBS-PVA) at 4C. Oocytes were blocked with 10% goat serum in BSA-PBS-PVA for 45 min, and incubated overnight with primary antibody at 4C. The primary antibodies employed included mouse monoclonal antiunphosphorylated RNA Pol II CTD (Clone 8WG16, Upstate) and mouse monoclonal anti-serine 2-phosphorylated RNA Pol II CTD (Clone H5, Abcam). After washing three times in BSA-PBS-PVA for 15 min each, oocytes were incubated for 40 min at room temperature with conjugated secondary antibodies, FITC-labeled or Texas Red-labeled goat anti-mouse IgG (Santa Cruz Biotechnologies). Next, oocytes were washed three times in BSA-PBS-PVA for 15 min each, and DNA was stained with propidium iodide (400 g/ml; Sigma Chemical Co.) or 4,6-diamidino-2-phenylindole (DAPI) (2 g/ml; Sigma). Following staining, oocytes were washed and mounted on slides with Vectashield mounting medium (Vector Laboratories Inc., Burlingame, CA, USA), and observed under a confocal scanning laser microscope. Images were captured using a Zeiss scanning laser confocal microscope running Zeiss LSM Image Browser software. Serial optical sections (the Z-series) were collected at 1 m intervals, which covered all the nuclear and cytoplasmic regions. The Z-series were stacked, and images depicting staining patterns and intensities of all nuclear and cytoplasmic entities generated. All images in any particular developmental series were acquired using the same laser power output.
RESULTS AND DISCUSSION
Detection of RNA polymerase II in porcine oocytes
To determine the presence and localization of RNA Pol II and its phosphoisoforms, we employed immunocytochemistry coupled with confocal microscopy. Using monoclonal antibodies recognizing unphosphorylated RNA Pol II CTD as well as phosphorylated RNA Pol II CTD at serine 2 (Ser2P), we detected both phosphoisoforms in the germinal vesicles of porcine oocytes ( Figure 1A) . In all cases, unphosphorylated CTD showed an even distribution throughout the nucleoplasm. In all specimens examined, nuclear signals were absent from the nucleolar structure. Phosphorylated CTD was distributed throughout the nucleoplasm, but also formed dot-like structures.
Oocytes were further examined after 22 h and 44 h culture in vitro using the same antibodies. In all cases, neither unphosphorylated CTD nor Ser2P CTD was detectable on meiotic MI (22 h) and MII (44 h) chromosomes ( Figure 1B) . Previous studies have shown that RNA Pol II and other transcription factors are distributed evenly in the nuclei of mammalian cells (Bergman et al., 1995) . Moreover, transcriptionally competent cells display dot-like structures in the nucleoplasm. These relatively large, round structures are known as nuclear speckles (Lamond and Spector, 2003) . These structures may be reservoirs of active transcription factories and mRNA processing machinery, in particular, pre-mRNA splicing complexes (Spector and Lamond, 2011) . CTD phosphorylated at serine 2 is involved in these processes, but not unphosphorylated CTD (Xie et al., 2006) . Our experiments confirmed that in pig germinal vesicle oocytes, Ser2P CTD forms speckles, indicating that porcine oocytes are transcriptionally active at this stage. Earlier studies on mitotic cells have also shown that transcription factors are actively disengaged from compacting mitotic chromosomes and involved only after formation of new daughter nuclei (Prasanth et al., 2003) . This was verified in our experiments on maturing porcine oocytes. Both unphosphorylated and Ser2P CTD were absent in MI and MII meiotic chromosomes, confirming that oocytes are not transcriptionally active at these stages.
Detection of RNA polymerase II after fertilization
Next, we examined the presence of RNA Pol II CTD phosphoisoforms in in vitro fertilized porcine embryos. After insemination, zygotes and cleaved embryos were subjected to indirect immunofluorescence staining and confocal microscopy using the same monoclonal antibodies. Unphosphorylated CTD was present at all stages of preimplantation development with equivalent fluorescent signal intensities (Figure 2A) . In all the cases examined, signals were limited to nuclear areas and absent in nucleolar structures. The Ser2P CTD isoform was not detectable at the early stages of embryogenesis, but observed shortly after pronuclear formation, and gradually detected after the 4-cell stage ( Figure 2B ). In all cases, signals were significantly weaker than that of unphosphorylated CTD. Several evidences indicated that unphosphorylated CTD is involved in promoter recognition and pre-initiation complex formation, but not directly correlated with active transcription (Phatnani and Greenleaf, 2006) . On the other hand, Ser2P CTD participates in productive transcription and pre-mRNA elongation and splicing. Porcine embryos are transcriptionally inert from germinal vesicle breakdown until EGA at the 4-cell stage (Schoenbeck et al., 1992; Prather et al., 2009) . Since activation of transcription requires CTD phosphorylation of RNA Pol II, the observed transcriptionally inactive state in 2-and early 4-cell stage porcine embryos is possibly explained by the absence of CTD kinases and/or mechanism(s) preventing the phosphorylation of CTD. After the 4-cell stage, porcine embryos gradually turn into transcriptionally competent and Ser2P CTD starts to appear in blastomere nuclei, while the fluorescence signal of unphosphorylated CTD remains almost constant.
Effect of -amanitin on embryo development
To investigate the effect of RNA Pol II inhibition on porcine embryo development in vitro, we performed a series of experiments in which zygotes were exposed to -amanitin at different time-points after fertilization. We examined the formation of blastocysts from fertilized embryos in the presence of increasing drug concentrations at different periods during in vitro culture. Table 1 summarizes the results of these experiments. After insemination, embryos were cultured in absence or presence of -amanitin and monitored for cleavage and blastocyst formation at each day of culture. When porcine embryos were cultured in the presence of 5 g/ml -amanitin during insemination or for 5 h (0 to 5 h post-insemination, p.i.) and subsequently cultured in medium devoid of the drug, only 3.2% or 2.1% respectively reached the blastocyst stage after 7 days of culture. Under similar conditions, 10.22% or 10.34% of fertilized embryos formed blastocysts in absence of -amanitin (control embryos). At increasing drug concentrations (10, 15, 20 and 25 g/ml), no blastocyst formation was observed in treated embryos. Next, we treated embryos with -amanitin at different time-periods after insemination. In one group treated with 5 g/ml -amanitin during 48 to 54 h p.i., 2.5% of fertilized embryos reached the blastocyst stage. In other groups treated during 5 to 10 and 24 to 30 h p.i. with 5, 10, 15, 20 and 25 g/ml of the drug, no blastocyst formation was observed. This finding indicates that even at very early stages of development during which transcription by RNA Pol II is not activated, irreversible blocking of RNA Pol II by -amanitin for a short time (~5 h) and at low concentrations (5 g/ml) impairs proper preimplantation development. Previous studies have shown that -amanitin binds to RNA Pol II irreversibly and promotes degradation of the largest subunit (Nguyen et al., 1997) . Moreover, RNA Pol II and other transcription factors are maternally contributed in animal embryogenesis (Bellier et al., 1997a; 1997b) . Thus, the functionality of maternally provided RNA Pol II, and consequently, expression of genes transcriptionally regulated by this enzyme and inhibited by -amanitin are essential for proper embryo development.
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